Abstract PTEN-induced kinase 1 (PINK1) mutations are responsible for an autosomal recessive, familial form of Parkinson's disease. PINK1 protein is a Ser/Thr kinase localized to the mitochondrial membrane and is involved in many processes including mitochondrial trafficking, mitophagy, and proteasomal function. Using a new PINK1 knockout (PINK1 KO) rat model, we found altered brain metabolomic markers using magnetic resonance spectroscopy, identified changes in mitochondrial pathways with quantitative proteomics using sequential window acquisition of all theoretical spectra (SWATH) mass spectrometry, and demonstrated mitochondrial functional alterations through measurement of oxygen consumption and acidification rates. The observed alterations included reduced creatine, decreased levels of complex I of the electron transport chain, and increased proton leak in the electron transport chain in PINK1 KO rat brains. In conjunction, these results demonstrate metabolomic and mitochondrial alterations occur during the asymptomatic phase of Parkinson's disease in this model. These results indicate both potential early diagnostic markers and therapeutic pathways that can be used in PD.
Introduction
Parkinson's disease (PD) is a chronic, progressive neurodegenerative disorder characterized by loss of midbrain dopaminergic neurons in the substantia nigra pars compacta (SNPC) leading to a movement disorder and, ultimately, death. Research has implicated mitochondria in the pathogenesis of PD. PD patients exhibit electron transport chain (ETC.) complex I deficiencies [1, 2] , reactive oxygen species (ROS) elevation [3, 4] , and mitochondrial DNA mutations [5, 6] . Several drugs including 1-methyl-4-phenylpyridinium, rotenone, and paraquat inhibit mitochondrial function producing Parkinsonian symptoms [7] [8] [9] [10] . Finally, gene mutations can produce dysfunctional forms of proteins responsible for familial forms of PD including SNCA, PARKIN, PINK1, DJ-1, and LRRK2, and these proteins have mitochondrial functions (reviewed in [4] ). These factors all suggest a mitochondrial component in the etiology of PD.
Despite the clear implication of mitochondria, studying the initiation and progression of PD has proven problematic. In general, PD models are better at mimicking the end-stages of PD rather than the progression (reviewed in [11] ). Recently, the Michael J. Fox Foundation produced several rat models lacking PD-associated proteins. One model, the PINK1 knockout (PINK1 KO) rat model, displays a progressive movement disorder [12] . PTEN-induced putative kinase 1 (PINK1) acts as a regulator of mitochondrial quality. Localized to the mitochondrial membrane with the kinase domain facing the cytoplasm [13, 14] , this protein, in addition to phosphorylating many proteins, directly interacts with other proteins to produce varied mitochondrial and cytosolic effects [15] . Interestingly, PINK1 also directly interacts with several of the other PD-associated proteins including Parkin and DJ-1 [16, 17] . Using the PINK1 KO model, it may be possible to study the progression of PD and identify novel diagnostic and therapeutic target during the asymptomatic phase of PD.
To interrogate the mitochondria-associated PD disorder, we chose to perform a longitudinal study on the PINK1 KO rat model. The metabolome, mitochondrial proteome, and mitochondrial function were assessed during the asymptomatic (4 month old) and symptomatic (9 month old) stages of PD in both the cortex and striatum of PINK1 KO and agematched controls. Metabolomic, mitochondrial proteomic, and mitochondrial functional alterations were identified as compared to age-matched controls.
Materials and Methods

Animals
All animal experiments were conducted with PINK1 knockout and the Long Evans Hooded (LEH) control strains. Animals were 4 or 9 months old at the time of the mass spectrometry and mitochondria functional experiments. Animals for the magnetic resonance spectroscopy (MRS) experiments were scanned longitudinally every 4 weeks starting at 10 weeks (2.5 months) of age. Animals used for MRS were used for 9-month stereology. All protocols were conducted within NIHapproved guidelines with the approval and oversight of the University of Nebraska Medical Center IACUC.
Brain Isolation for Stereology
Brains were rapidly harvested in accordance with the IACUC protocols at the University of Nebraska Medical Center. Six brains were taken from 9-month-old animals from both the PINK1 KO and LEH control groups. Brains were placed in Formal Fixx (Thermo Scientific, Rockford, IL) overnight (∼15 h). Brains were immersed in 30 % sucrose in 0.1 M phosphate-buffered saline (PBS) overnight at 4°C. Brains were place in 70 % ethanol and shipped on dry ice to the Stereology Resource Center, Inc. for stereology.
Stereology Tissue Processing
Serial cryostat sections (50 μm) were cut coronally through the brain stem containing the substantia nigra (SN), approximately from Bregma −4.36 to −6.72 mm [18] . Every first, second, and third section of each series of 3 sections (interval, 150 μm) were collected separately in section storage solution (approximately 15 sections per set per brain), with freefloating sections stored at −20°C before further processing.
After inactivating the endogenous peroxidase activity with hydrogen peroxidase and washes in 0.01 M PBS, sections were incubated free-floating in PBS containing the normal blocking serum, Triton X-100, and the specific tyrosine hydroxylase antibody (Abcam, Cambridge, MA) for 3 days at 4°C. Subsequently, the immunoreaction product was visualized according to the avidin-biotin complex method [19] using the Vectastain Elite ABC kit (Vector Lab., Burlingame, CA) and 3′,3′-diaminobenzidine (Sigma, St. Louis, MO) as a chromogen. After thorough washes, all sections were mounted on gelatin-coated slides and then counterstained with Cresyl violet. Following dehydration in ethanol and clearing in xylene, sections were coverslipped with Permount (Fisher Scientific, Fair Lawn, NJ).
Stereology
Total volume of SNPC was quantified using the pointcounting-Cavalieri approach [20] . At low power (×4 objective) the SNPC was outlined on each section and the sum of area on the cut surfaces quantified by point counting. Using the average post-processing section thickness determined by automatic analysis [21] , the total volume of SNPC for each brain was determined by the Cavalieri method.
At high magnification (×100 oil, n.a. 1.4 objective), the total number of tyrosine hydroxylase (TH)-positive neurons was counted using the optical fractionator method [22] . All cells with a neuronal phenotype in SNPC were counted if neuronal nuclei surrounded by TH+ cytoplasm. Dissector counting of TH-positive cells through the SNPC was repeated to a high level of sampling stringency (coefficient of error about 0.10), approximately between 150 and 200 systematicrandom locations across 8-12 sections. The mean total number of TH-positive neurons in SNPC was calculated according to the optical fractionator approach [22] [23] [24] . 1 
H MRS Acquisitions of Parkinson's Disease Metabolomic Alterations
Single voxel localized spectra were acquired using point resolved spectroscopy (PRESS) [25] with outer volume suppression and high bandwidth pulses to optimize sequence performance. A 3 mm (caudal rostral) × 2 mm (anterior-posterior) × 8 mm voxel was selected in the central cerebral cortex for spectral acquisition. Spectra were acquired with a repetition time of 4 s, echo time of 50 ms, 576 averages, using a laboratory-constructed 40-mm diameter rat brain birdcage coil on a 7 T/16 cm Bruker PharmaScan (Karlsruhe, Germany) MRI/MRS system.
Spectroscopic Processing and Analyses
Spectroscopic data were processed by removal of residual water signal using the HLVSD filter. Spectra from 1 H MRS data sets were curve fit in the time domain using the QUEST algorithm in jMRUI [26, 27] which fits results to a sum of individual metabolite spectra (basis set). Spectra for the basis set were acquired from phantoms using the same acquisition parameters as used in vivo. Phantoms containing either alanine, aspartate, choline, creatine, gamma-amino butyric acid, glutamate, glutamine, glycerophosphocholine, glycine, lactate, myoinositol, n-acetyl aspartate, or taurine were maintained at 38°C using a circulating water bath and buffered to pH 7.4 at physiological osmolarity. Results were normalized to the sum of all 13 metabolites as a semiquantitative method for reporting metabolite concentrations in institutional units (I.U.).
Graphs were made in Prism (Version 6.04). A two-way repeated measures ANOVA followed by Sidak's post hoc multiple comparison test was used to determine significant differences. Differences were found to be significant if p≤0.05.
Sequential Window Acquisition of All Theoretical Spectra Mass Spectrometry
Sequential window acquisition of all theoretical spectra mass spectrometry (SWATH-MS) is a robust methodology for quantitative mass spectrometry [28] and consists of a series of crucial steps: building a reference spectral library using data-dependent mass spectroscopic analysis, isolation of the sample and its preparation for mass spectrometry, dataindependent mass spectroscopic analysis of the experimental sample performed via repetitively cycling through consecutive precursor isolation windows (swaths), processing of the mass spectroscopic data, and statistical analysis.
Data-Dependent Analysis for Building a Library
Mitochondrial protein lysates were isolated form B35, H19-7/ IGF-IR, PC12, and RN33B rat cell lines of neuronal origin. The resulting protein was mixed in equal amounts, trypsin digested, quantified, and fractionated in 12 fractions by isoelectric focusing using an Agilent 3100 OffGEL Fractionator with a pH 3-10 strip in accordance with the manufacturer supplied protocols (Agilent Technologies, Santa Clara, CA). Peptides were purified using a C-18 PepClean spin columns (Thermo Fisher). Samples were dehydrated with a Savant ISS 110 SpeedVac concentrator (Thermo Fisher) and resuspended in 6 μL of 0.1 % formic acid for mass spectrometry. The isolation of peptides for mass spectrometry was performed twice independently. The resulting 24 fractions of peptides were analyzed by nano-LC-MS/MS in SWATH-MS mode on the 5600 TripleTOF instrument. The SWATH-MS acquisition was performed using the published protocol [28] .
Additional samples were added to enrich our database for synaptic proteins. A brain from a LEH rat had synaptic mitochondria isolated as before [29] . These samples were also added to the spectral library.
Isolation of Brain Region-Specific Mitochondria for SWATH-MS
Brains were rapidly isolated from 4-to 9-month-old animals in both the PINK1 KO and LEH control groups. The cortex and striatum were isolated from the animals. For all mass spectrometry experiments, four biological replicates were used per group. After extraction, brains were immediately rinsed with ice-cold PBS to remove blood. The meninges were removed. Tissue was chopped and homogenized using a Dounce homogenizer. Brain mitochondria were isolated using a differential centrifugation kit (MitoSciences, Eugene, OR) followed by an immunomagnetic purification using a kit with TOM-22 coupled to magnetic beads (MACS Miltenyi Biotec, Auburn, CA). Mitochondria were lysed in 4 % sodium dodecyl sulfate (SDS), and protein concentration was quantified using a using a Pierce 660 assay with bovine serum albumin standards (Thermo Fisher Scientific, Rockford, IL).
Sample Preparation for Mass Spectrometry and Data-Independent SWATH-MS Analysis Sample preparation was conducted as before [30] . In short, proteins were digested with trypsin (Promega, Madison, WI) on a 20-μm filter (Pall Corporation, Ann Arbor, MI). Impurities were removed using a mixed-mode weak cation exchange cartridge (Waters, Milford, MA). Peptides were quantified with the aid of a NanoDrop (Thermo Fisher) in conjunction with the Scopes' method for protein quantification [31] . For sample analysis, 2 μg of peptide was loaded into a 6 μl volume of 0.1 % formic acid (Fisher Scientific).
Data-Independent SWATH-MS Analysis
The SWATH-MS acquisition was conducted similar to as previously described [28] . Samples of peptides from PINK1 KO and LEH rat brain mitochondrial lysates were analyzed in quadruplicate (four biological replicates per age group) using SWATH data-independent analysis (DIA). The list of peaks was generated in ProteinPilot (Version 4.5) using the Paragon algorithm (4.5.0.0) with the default settings. All of the fragment ion chromatograms were extracted and automatically integrated with PeakView (Version 2.1 Beta). The raw peak areas as reported by PeakView were used for all the quantification calculations with no data processing (neither denoising nor smoothing) of any kind applied to the extracted ion chromatograms.
To calibrate retention times, synthetic peptides (BiognoSYS; Zurich, Switzerland) were spiked in the samples in accordance with the manufacturer's protocol, and data was normalized to the median of common proteins in Markerview (Version 1.2.1). In accordance with previously published work [28] , we selected five peptides and five transitions option for quantitative analysis by extracted ion chromatograms (XIC), and targeted data extraction for each peptide was performed. Briefly, for each peptide, the fragment ion chromatograms were extracted using the SWATH isolation window set to a width of 10 min and 50 ppm accuracy for quantification purposes in accordance with previously established protocols [28] .
A Bayesian analysis was conducted using an unpaired twocondition analysis in CyberT [32, 33] . All comparisons are made against the age-and brain region-matched LEH controls. The sliding window size was set at 101 and the Bayesian confidence value was 12. The posterior probability of differential expression (PPDE) was calculated and significant changes were assigned if the p≤0.05 and cumulative PPDE ≥0.95 (α=0.05). All heat maps generated from mass spectrometry data were made in Multiple Experiment Viewer (www.tm4.org) [34] .
Bioinformatic Analysis
Analysis of upstream regulators was performed using Ingenuity Pathways Analysis (http://www.ingenuity.com/products/ ipa) [35] . For this analysis, proteins and corresponding expression values were uploaded into the software. Based upon expression of proteins, the software was able to identify activated pathways through z-score analysis. The resulting z-score data was uploaded into Multiple Experiment Viewer and heat maps were generated.
Analysis of Mitochondrial Function
Mitochondrial function was analyzed with a Seahorse XF 24 analyzer based on the protocol of Rogers with minor alterations [36] . The amount of mitochondria used for the assay was optimized before the experiment for both cortical (10 μg) and striatal (10 μg) mitochondria. Additionally, we optimized the amount of ADP to be used to calculate state 3 respiration (4 μM). In Seahorse experiments, three animals were used per group for mitochondrial coupling, and three animals were used per group for mitochondrial flux assays. Each biological replicate had four technical replicates for the experiments. Statistical significance was determined using a repeated measures two-way ANOVA followed by Sidak's post hoc test with α=0.05. Graphs were generated in Prism.
For all assays, mitochondria were isolated by differential centrifugation, described above, and quantified. Equal amounts of mitochondria were then loaded onto Seahorse plates, centrifuged for 15 min, followed by 5-min incubation at 37°C, and loaded onto the Seahorse XF24. For the coupling assay, mitochondria were subjected to subsequent injections of ADP, oligomycin, carbonylcyanide ptrifluoromethoxyphenylhydrazone (FCCP) and antimycin A while measuring the oxygen consumption rate (OCR) in the presence of succinate and rotenone. OCR is an indirect measurement of ATP production as higher oxygen consumption correlates with increased ATP production. Treatments of mitochondria with ADP, oligomycin, FCCP, and antimycin A mimic various respiratory states. State 2, or basal respiration, is the amount of respiration at rest or in the presence of no treatment. State 3 respiration is the ADP-stimulated respiration in the presence of saturating substrate or during ADP treatment. State 4o is the oxygen consumption in the absence of oxidative phosphorylation as oligomycin binding inhibits ADP consumption at complex 4. State 3u is the maximal uncoupled respiratory state of the mitochondria as denoted by treatment with FCCP (for review of respiratory states, see [37] ). Antimycin A treatment mimics the absence of respiration by blocking complex III of the ETC.
To measure electron flux, after a baseline measurement, mitochondria are exposed to subsequent treatments of rotenone, succinate, antimycin A, and ascorbic acid/ tetramethylphenylenediamine (ASC/TMPD). These treatments inhibit certain electron transport subunits allowing us to measure the function of the complex I, complex II, and complex IV when each complex act as the rate-limiting complex by providing complex-appropriate substrates in excess such as pyruvate and malate (basal), succinate (complex II), or ASC/TMPD (complex IV) treatment, respectively, after inhibition of other complexes by rotenone (complex I) or antimycin A (complex III).
Results
Assessment of Loss of Midbrain Dopaminergic Neurons
A major limitation of PD genetic models is that most models do not recapitulate the progressive neurodegenerative hallmarks of the disease such as the progressive movement disorder or the loss of midbrain dopaminergic neurons in the substantia nigra (reviewed in [11] ). As such, the relevance of the findings in mouse models to human PD is questionable. To circumvent this issue, a novel rat model that is deficient in the PINK1 protein and presents a progressive movement disorder was obtained [12] .
To confirm the loss of midbrain dopaminergic neurons in the substantia nigra, we performed stereology of tyrosine hydroxylase positive neurons in wild-type Long Evans Hardy (LEH) and PINK1 KO (produced on the LEH background) animals at 9 months of age (Fig. 1a) . Dopaminergic neurons express high levels of tyrosine hydroxylase because this enzyme catalyzes the final and rate-limiting reaction of dopamine synthesis. Based on tyrosine hydroxylase staining, the number of dopaminergic neurons in the SNPC was decreased in PINK1 KO rats (Fig. 1b) . A corresponding decrease in the size of the SNPC was also detected (Fig. 1c ). These data demonstrate that the PINK1 knockout rat model recapitulates the midbrain dopaminergic cell death characteristic of PD.
Noninvasive Identification of Metabolic Changes Due to Loss of PINK1
Identifying early diagnostic markers in PD has been problematic, as patients do not present before loss of dopaminergic neurons. With the advent of the PINK1 knockout rat model to simulate the disease progression of PD, marker identification is feasible. Noninvasive magnetic resonance spectroscopy (MRS) was utilized to determine the presence of metabolomic alterations in 13 common brain metabolites in the cortex and striatum of PINK1 knockout and LEH control animals longitudinally. These metabolites are produced in the mitochondria or interact with mitochondrial products (Fig. 2a, b) . As a result, identification of an altered metabolite not only indicates a possible PD diagnostic marker but also indicates altered PDassociated mitochondrial function.
In the cortex, the majority of the metabolites were unc h a n g e d . A l a n i n e , a s p a r t a t e , c r e a t i n e , a n d glycerophosphocholine change with time, but not genotype, with p values of 0.04, 0.01, 0.004, and 0.008, respectively (Supplemental Fig. 1 ). Only one metabolite was found to be altered in the cortex based on genotype. Cortical myoinositol was found to be significantly lower in the PINK1 KO animals (p=0.03), but no time point was altered enough to pass Sidak's post hoc comparison test (Fig. 3a) .
In the striatum, the majority of metabolites were also unchanged. Alanine, creatine, lactate, and myoinositol changed with time with p values of 0.0004, 0.03, 0.003, and 0.001, respectively (Supplemental Fig. 2 ), but not with genotype. Three metabolites were found to be significantly altered based on genotype in the striatum. Striatal aspartate was found to be increased in the PINK1 KO animals (p=0.05) with the 26-week time point passing the post hoc comparison test (p= 0.03) (Fig. 3b) . However, for aspartate, there was an interaction between genotype and time (p=0.01) making interpretation of these data difficult. Striatal taurine was significantly decreased in the PINK1 KO animals (p=0.02) with the 18-week time point being significantly different after multiple comparison testing (p=0.01) (Fig. 3c) . Striatal creatine was found to be significantly lowered in the PINK1 KO animals (p=0.0003) with the 10-week time point passing Sidak's comparison test (p=0.05) (Fig. 3d ).
Mechanistic Pathways Affected by Loss of PINK1
Although our analysis indicated metabolomics alterations in the PINK1 KO rats, the mechanisms producing these changes remain elusive. Identification of the mechanism behind the metabolic alterations could potentially reveal new PD therapeutic targets. Therefore, we performed a mass spectrometry Fig. 1 Analysis of nigral dopaminergic loss in the PINK1 KO animals. Brain tissue was isolated, sectioned, and stained for tyrosine hydroxylase (TH) (a). The number of TH-positive neurons (b) and volume (c) were quantified for the substantia nigra pars compacta. *p≤0.05 on a t test. n=6 animals for both groups experiment to interrogate mitochondrial proteomic alterations caused by PINK1-deficiency in 4-and 9-month-old rats.
Analysis of the ETC. complex subunits revealed an almost ubiquitous decrease in the levels of subunits identified (Fig. 4) regardless of age or brain area. The observed decrease in complex I subunits was more extreme in the striatum, compared to the cortex, of PINK1 KO rats regardless of age. Complexes III, IV, and V had a general decrease in ETC. subunit expression with the PINK1 KO striatal mitochondria having a more severe depression of protein expression than the PINK1 KO cortex as compared to controls (Fig. 4) . Complex II subunit levels were unchanged regardless of genotype or age.
To assess whether electron flow into the ETC. was altered and because many metabolites stem from glycolytic processes, we investigated protein expression of glycolytic proteins (Fig. 5a) . A total of 27 enzymes involved in glycolysis were identified. Unlike the ETC. subunit levels, the directionality of altered protein levels varied with brain region and time. The glycolytic protein levels in the 4-month-old cortex and striatum were very similar to controls. In the 9-month-old samples, the cortical glycolytic protein levels were similar to controls. However, the striatal glycolytic protein levels were, in general, elevated, suggesting increased glycolysis. Interestingly, one protein, aldolase A (ALDOA), was consistently expressed at lower levels in PINK1 KO mitochondria regardless of age or brain region. ALDOA was decreased 2.29-, 2.60-, 1.79-, and 1.98-fold in the 4-monthold cortex, 4-month-old striatum, 9-month-old cortex, and 9-month-old striatum, respectively, as compared to controls. In addition to regulating mitochondrial properties by protein levels of ETC. subunits and glycolytic enzymes, cells regulate function by localization of mitochondria within the cell [38] . To assess whether proteins controlling mitochondrial localization were altered, proteins involved in mitochondrial dynamics and trafficking were interrogated (Fig. 5b) . A total of 19 known trafficking/dynamics proteins were identified. The main fission protein DRP1 was increased in the striatum while the main fusion protein, MFN2, was decreased in the striatum. Together, these results suggest increased fission and thus mitochondrial fragmentation. In addition, mitochondrial adaptor proteins such as KLC1 (2.56-fold), SH3LG1 (1.71-fold), SH3GL2 (1.66-fold), SH3GLB1 (1.41-fold), and SH3GLB2 (1.47-fold) in addition to the trafficking proteins DNM1 (1.51) and MIRO1 (1.34-fold) were increased in the 4-month-old PINK1 KO striatum as compared to controls. These results suggest that mitochondrial trafficking and dynamics are altered in PINK1 animal striatum at 4 months of age.
The mitochondrion is also the primary locale for fatty acid oxidation. We identified 25 proteins involved in fatty acid metabolism (Fig. 5c ). There was a ubiquitous decrease of dehydrogenases in PINK1 KOs, such as ACADL, ACADM, ACADS, ACADVL, HADH, HADHA, and IVD regardless of brain region or age. Correspondingly, the proteins involved with transporting the electrons generated from the dehydrogenases to the ETC. (ETFA and ETFB) were decreased in PINK1 KOs regardless of brain region or age. A decrease in electron passage to the ETC. from this process in PINK1 KO animals may be a contributing factor to the development of PD symptoms. Two proteins deserve special mention: ACAA2 and ETFB. ACAA2 catalyzes the final step of β-oxidation while ETFB transfers electrons from dehydrogenases involved in β-oxidation to the ETC. Both proteins were ubiquitously decreased in all samples and significantly so in the 4-month-old PINK1 KO cortex and striatum (Supplemental Table 1 ).
Based upon the MRS data indicating lower levels of creatine in the striatum, we investigated enzymes known to regulate the levels of this metabolite. The principle enzyme response catalyzing the rate-limiting reaction in creatine synthesis, GATM, was depressed in the striatum of PINK1 KO animals, suggesting deficient creatine production may be responsible for the low levels of creatine observed in PINK1 KO animal striatum (Supplemental Table 2 ).
Also of interest are the proteins with significantly altered levels in both the striatal and cortical mitochondria of PINK1 KO animals as compared to control animals (Supplemental Table 1 ). These consistent protein alterations suggest that the PINK1 protein is specifically important in regulating levels regardless of the functional changes. There were a number of proteins identified in 4-month-old animals as altered in the PINK1 KO cortex and striatum including ACAA2, ALDOA, ATX10, ETFB, and SPRY4. As stated earlier, ACAA2 and ETFB are involved in β-oxidation of fatty acids (Fig. 5c ) and display similar levels in the cortex and striatum. ALDOA is a glycolytic protein (Fig. 5a ) and is ubiquitously expressed. ATX10, however, is a protein related to cerebrospinal ataxia, and the levels are altered, decreased in the cortex but increased Fig . 5 Heat maps depicting glycolysis, dynamics/trafficking, and fatty-acid metabolism proteins in the PINK1 KO rat model. Subunit levels were measured through SWATH mass spectrometry. n=4 biological replicates for each measure. Data are displayed as a Log2 ratio of the averages in the striatum of 4-month-old PINK1 KO animals. SPRY4, an inhibitor of the mitogen-activated protein kinase signaling pathway, was decreased in 4-month-old striatum and cortex. Surprisingly, no proteins were found to be significantly altered in the cortex of 9-month-old animals. Furthermore, as animals aged, the number of significantly changed proteins decreased in both brain regions. Despite the amount of data gained from mitochondrial proteomics, most mitochondrial proteins are nuclear encoded, and their levels controlled by nuclear and cytoplasmic protein xpathways, which were not investigated here. To identify pathways regulating the observed processes, ingenuity pathways analysis was utilized. The pathways identified as regulating the observed processes were involved in cellular developmental signaling, mitochondrial proliferation, receptor signaling, ROS processes, or cellular stress (Fig. 6) .
The pathways involved in cellular developmental signaling (BDNF, NRG1, and PHF21A) displayed a similar pattern (Fig. 6) . The developmental signaling pathways were decreased in 4-month-old PINK1 KO cortex but increased in the 4-month striatum as well as the 9-month cortex and striatum. The pathways regulating mitochondrial proliferation (PGC1A, PGC1B, and TFAM) were increased in the 4-month cortex but decreased in the 4-month striatum. The proliferative pathways remained low in the 9-month cortex and striatum in general. Taken together, these results suggest a low level of mitochondrial biogenesis occurring in PINK1 KO brains as opposed to controls.
Several receptor pathways were also determined to be activated. Either the pathway activation remained elevated in all samples as compared to controls as in the case of adenosine 2A receptor (ADORA2A) or N-methyl-D-aspartate receptor (NMDAR) or the pathways were activated in the 4-month-old cortex but deactivated in all other samples as in the case of IGF1R or INSR. The ROS processes pathways had one of two patterns. Either the pathway was decreased in the 4-month cortex and elevated in other time points (ARNT or HIF1B, HIF1A or NFE2L2) or the pathway was constitutively depressed (GPX1). Finally, the regulatory pathway for autophagy, mammalian target of rapamycin (mTOR), was decreased in the cortex of both 4-and 9-month samples but increased in the striatum regardless of age. XBP1, the main regulatory pathway for the unfolded protein response, was decreased in the 4-month-old samples but increased in the 9-month-old samples.
Mitochondrial Coupling
The mitochondrial respiratory states were interrogated in from cortical and striatal PINK1 KO and LEH control brain mitochondria of 4-and 9-month-old animals. Alterations in the mitochondrial states were detected based upon genotype in the striatum with the knockout animal displaying a higher OCR in the 9-month-old animals (p=0.03) (Fig. 7d) . State 3 respiration and state 3u respiration in the striatum were significantly higher (p=0.0340 and p=0.0079, respectively, on Sidak's post hoc comparison test) with the measurements for state 3 being 684±175 pmol/min (mean±SD) and 968±167 pmol/min for 9-month-old LEH and PINK1 KO animals, respectively, while state 3u respiration measured 664±198 pmol/min and 1004±198 for the 9-month-old LEH and PINK1 KO animals, respectively. No significantly different respiratory states were measured in the 9-month-old cortex following Sidak's post hoc comparison test (Fig. 7b) . Additionally, although no mitochondrial alterations were detected in 4-month-old PINK1 KO mitochondria, the 4-month animal results demonstrated a similar trend as the PINK1 KO rat mitochondria from 9-month-old animals (Fig. 7a, c) .
The respiratory control ratio (RCR), a measure of mitochondrial coupling, was also assessed (RCR=state 3u/state 4o=OCR FCCP /OCR Oligomycin ). The RCR is frequently used as a measure of the degree of mitochondrial coupling of oxygen consumption to electron flow [39] . In general, a higher RCR suggests superior mitochondrial function. No alteration was detected in RCR in the PINK1 KO rats at either 4 or 9 months as compared to controls (Fig. 7e, f) .
Proton leak was also interrogated. Proton leak is a measure of the depletion of the proton motive force in the absence of oxidative phosphorylation (proton leak=state 4o-antimycin= OCR Oligomycin -OCR Antimycin A [40] ). Proton leak was altered in 4 (p=0.0348) and 9 (p=0.0470) month old animals based upon genotype, with PINK1 KO increased relative to wildtype LEH (Fig. 7g, h ). These results suggest depletion of the proton motive force, hindering energy generation, is a consequence of PINK1-deficiency. Because mitochondrial respiratory states are dependent on the functionality of the mitochondrial complexes, the function of individual mitochondrial complexes were interrogated. For this experiment, mitochondrial OCR was measured by the Seahorse XF24 analyzer for both the PINK1 KO and LEH animals of 4 and 9 months of age.
Striatal mitochondrial complexes I, II, and IV were found to have significantly increased capacity for electron flux in the 9-month-old PINK1 KO animals (Fig. 8d) . Complex I function (basal) was measured at 594±142 pmol/min (mean±SD) Fig. 7 Mitochondrial functional coupling in the PINK1 KO rats. Mitochondrial oxygen consumption rate was determined using a Seahorse XF24 analyzer. For coupling (a-d), mitochondria were administered subsequent injections of ADP, oligomycin, FCCP, and antimycin A in the presence of succinate and rotenone. The cortex and striatum were interrogated at 4 months (a, c, respectively) and 9 months (b, d, respectively). Based upon the coupling, the respiratory control ratios (RCR) of the cortex and striatum for 4-month (e) and 9-month (f) old animals were calculated (RCR=OCR in the LEH animals, and significantly elevated (p<0.0001) at 1129±103 pmol/min in the PINK1 KO animals (Fig. 8d) . Complex II function (succinate) was measured at 425± 55 pmol/min in the LEH animals and significantly elevated (p<0.0001) at 892±133 pmol/min in the PINK1 KO animals (Fig. 8d) . Similarly, complex IV respiration was measured at 485±61 pmol/min in the LEH animals and significantly elevated (p<0.0001) at 1123±178 pmol/min in the PINK1 KO animals (Fig. 8d) . No alterations were found between the 9-month-old LEH and PINK1 KO cortical mitochondria (Fig. 8b) or between the 4-month-old LEH and PINK1 KO cortical (Fig. 8a) or striatal (Fig. 8c) mitochondria. However, the mitochondria of PINK1 KO 4-month-old animals displayed a trend similar to the mitochondria of 9-month-old PINK1 KO animals, perhaps preceding the significant increase.
Discussion
Metabolomic, mitochondria proteomic, and mitochondrial functional alterations were detected in a PINK1 KO rat model before the characteristic loss of dopaminergic neurons. Using magnetic resonance spectroscopy, we detected alterations in myoinositol in the cortex, and aspartate, taurine, and creatine in the striatum. Mitochondrial proteomic alterations that coincide with metabolic alterations as well as novel alterations were detected. Mitochondrial functional assays revealed altered coupling and flux in the striatum at the 9-month time point. Additionally, we detected that mitochondrial proton leak was elevated in PINK1 KO animals regardless of age or brain region measured. While these results suggest that mitochondrial properties are altered well in advance of the presentation of PD symptoms, and current methodologies may be able to predict whether a person will develop PD, these experiments were conducted in PINK1 KO rats, and further work is needed to determine the translatability of these data to idiopathic PD patients.
Through these experiments, metabolic alterations were identified as possible diagnostic markers for early PD. The three molecules altered in the striatum (aspartate, creatine, and taurine) are important for three reasons: (1) these metabolites impact mitochondria suggesting mitochondria are important to the pathological progression of PD, (2) these differences were observed in the striatum which receives heavy innervation from the substantia nigra, and (3) these metabolomics alterations were present before the loss of midbrain dopaminergic neurons and the corresponding movement disorder.
Aspartate is an organic acid and critical for transferring high-energy phosphate groups from the mitochondria to the cytoplasm in the malate-aspartate shuttle. In this study, Mitochondrial were treated to subsequent injections of rotenone, succinate, antimycin A, and TMPD/ASC while measuring OCR. Statistical significance was assessed by a repeated measures two-way ANOVA followed by Sidak's post hoc test. *p≤0.05 on Sidak's post hoc comparison test. For all experiments, n=3 biological replicates aspartate levels were determined to be elevated in the striatum of PINK1 KO animals (Fig. 3b) . These results could be indicative of an altered malate-aspartate shuttle that would lead to altered energy transfer throughout the cell. Additionally, aspartate could also lead to increased stimulation of NMDAR [41] . These results are consistent with proteomic suggesting the NMDAR pathway is activated in 4-and 9-month striatum of PINK1 KO animals (Fig. 6) . We found the NMDAR pathway increasingly activated in the striatum of PINK1 KO animals regardless of age as compared to controls. However, no changes were observed in the cortical NMDAR pathway activation. The elevated aspartate levels in the striatum may provide the mechanism for this increased striatal NMDAR activation.
Taurine was also found to be significantly lower in PINK1 KO animals. Taurine is necessary for proper nervous system function [42, 43] . Specifically, taurine is critical for many biological processes including long-term potentiation [44] , calcium homeostasis [45] , and neuroprotection against excitotoxicity [46] . Furthermore, the importance of taurine to the mitochondria has been realized [47] . In the mitochondria, taurine has been suggested to influence oxidative stress [48] and the buffering capacity of mitochondria [49] . CSF levels of PD patients was found to have decreased taurine levels [50] further supporting our findings.
Interestingly, alteration of acidity of the mitochondrial matrix would directly alter the function of the dehydrogenases involved in fatty-acid metabolism [51] . As noted earlier, there was a fairly ubiquitous decrease in proteins involved in fattyacid metabolism in the striatum of PINK1 KO animals at 4 months of age. The observed taurine alterations could be a contributing factor in the observed depression. Taurine levels alter the matrix pH. The dehydrogenases become inactive and as such are recycled faster than they are produced. By truncating the electron transfer potential from fatty-acid metabolism to the ETC., a source of cellular energy would be removed leading to decreased energy levels. The consistent depression of protein levels for fatty-acid metabolism in the cortex and striatum suggests that the role of fatty-acid metabolism deserves more attention in regards to the PD pathology.
Metabolic alterations were also observed in a major energy metabolite, creatine. Creatine is an organic acid containing high-energy phosphate bonds and serves to provide an additional energy source to cells. Additionally, creatine has antioxidant properties. Preliminary studies have demonstrated it to be neuroprotective for PD patients [52] [53] [54] , but a different placebo-controlled study showed creatine had no effect on PD scores, dopamine transporter imaging, or non-motor symptoms of PD [55] . While the exact mechanism of creatine neuroprotection remains unclear, the ATP energy pool is tightly coupled to the creatine kinase system suggesting creatine supplementation may alter mitochondrial properties [56] .
Creatine was found to be decreased in the striatum of PINK1 KO animals. Interestingly, cortical creatine levels did not vary between PINK1 KO and LEH control animals. The mitochondrial proteomic data are in agreement with the metabolomic data. The enzyme catalyzing the rate-limiting step of creatine production, glycine amidinotransferase, mitochondrial (GATM), was depressed in PINK1 KO as compared to LEH striatal mitochondria (1.43-fold decrease) at 4 months of age, but no change was observed in PINK1 KO as compared to LEH cortical mitochondria (only a 1.01-fold decrease) (Supplemental Table 2 ). The depression of GATM levels would result in deficient creatine production and could explain the deficient creatine levels in the PINK1 KO striatum. These data suggest that creatine levels are directly attributable to the mitochondrial proteomic alterations.
Analysis of the mitochondrial proteome revealed the deficiency of complex I subunits in PINK1 KO rats regardless of age and brain region (Fig. 4) . In our studies, we identified an almost ubiquitous decrease of complex I subunits of the ETC. For the 4-and 9-month time points, the decrease in complex I subunits was more severe in the striatum. These results suggest that the mitochondrial effects of PINK1 deficiency may disproportionately affect the striatum. Given that the pathology of PD alters striatal function early during the disease pathogenesis [57] , these findings are not surprising. However, it is surprising that the decrease in ETC. subunits was not unique to complex I. Complexes III, IV, and IV also displayed a general decrease in subunit expression. Whether this finding is a result of the decrease in complex I is unknown, but more work is necessary to clarify this issue.
In our experiment, the levels of glycolytic enzymes associated with the mitochondria were altered. By increasing the levels of these enzymes associated with mitochondria, the cells can increase glycolytic flux into the ETC. [58] . Furthermore, previous work has demonstrated that glycolytic enzymes can alter the electron flux into the mitochondria [58] and has demonstrated that PINK1 KO mice have increased glycolysis in neurons and myocytes [59] . Our data seems to support this finding. The rate-limiting step in this pathway is the conversion of fructose-6-phosphate to fructose-1,6-biphosphate catalyzed by phosphofructokinases (PFKL and PFKP). In this experiment, PFKL and PFKP were found to be increased in PINK1 KO cortex and striatum. Also, these enzymes increased in expression with time. These observations suggest that these cells increase glycolysis as a compensatory mechanism to compensate for increased energy demands or decreased ETC. flux.
It is important to note, however, that not all the glycolytic enzyme levels were increased. However, the decrease in certain enzymes may be a defense mechanism of the cell. By decreasing certain enzymes and increasing others, pools of metabolic intermediates could be increased and decreased. Previous work has demonstrated that certain glycolysis intermediates are neuroprotective [60] , suggesting that the cell may be inflating certain pools of intermediates as a neuroprotective stress response. In regards to our data, this characteristic of the glycolytic cycle is most pertinent to ALDOA. ALDOA is a glycolytic enzyme responsible for converting fructose-1,6-biphosphate to glyceraldehyde-3-phosphate and dihydroxyacetone phosphate. Previous work has demonstrated that ALDOA is heavily oxidized in PD patients even more so than in patients with Lewy body dementia [61] . Heavy oxidation of ALDOA leads to increased degradation and lower levels consistent with the findings we presented in the 4-and 9-month-old animals (Fig. 5a ). Low levels of ALDOA would lead to a surplus of fructose-1,6-biphosphate which has been demonstrated to be neuroprotective [60] . Hence, low level of ALDOA is likely a neuroprotective mechanism operating in response to PINK1 deficiency.
To assess if mitochondrial localization properties may be altered, proteins involved in mitochondrial dynamics and trafficking were interrogated. The increase in adaptor proteins in conjunction with motor proteins suggests altered mitochondrial distribution in cells. The altered distribution of mitochondria would alter synaptic signaling [62] [63] [64] and calcium signaling [38] . Additionally, DRP1 was increased but only in the striatum of PINK1 KO animals at both 4 and 9 months of age. These results suggest there is mitochondrial fragmentation that would limit the cellular ability to handle cellular insults and detrimentally affect ATP production [65] . Interestingly, trafficking/dynamic protein levels were similar to control levels in the cortex of PINK1 KO animals regardless of age. Together, these results suggest that mitochondrial trafficking is altered in the striatum of PINK1 KO animals and likely produces signaling abnormalities in the striatum.
Bioinformatic analysis of the proteomic studies revealed that the PINK1 deficiency caused increased developmental signaling, decreased mitochondrial proliferation, altered signaling, increased ROS signaling, and altered stress pathways in the striatum of 4-month-old PINK1 KO animals (Fig. 6) . Surprisingly, the mitochondrial (PGC1A, PG1B, and TFAM) and cellular (IGF1R and INSR) growth pathways were deactivated in the 4-month-old striatum and 9-month-old cortex and striatum but activated in the 4-month cortex. These results suggest that at 4 months of age, the cortex may be successfully combating the inevitable decline related to PD, but the striatum has already succumbed to PINK1-deficiency. The ROS pathways (ARNT, HIF1A, and NFE2L2) seem to confirm these findings. These pathways are important for reigning in aberrant ROS production, and, in general, these pathways are altered to minimize ROS in the 4-month-old striatum. Additionally, the mTOR pathway, which controls autophagy, is demonstrated to be increased only in the striatum, and the autophagy pathway has recently been identified as an antioxidant pathway [66] . Together, these results suggest that there is an additional stress on the striatum at 4 months of age. These results would be consistent with the current knowledge on the progression of PD.
Additionally, the prediction of ADORA2A activation is interesting. ADORA2A is the adenosine A2 receptor, and previous work has demonstrated that caffeine blocks this receptor to inhibit MPTP-induced PD-like injuries [67] [68] [69] . Additionally, polymorphisms in the ADORA2A gene have been demonstrated to reduce the risk of developing PD [70] . Our finding of ubiquitous activation of the ADORA pathway regardless of age or brain region (Fig. 6) suggests that PINK1 deficiency is responsible for activating this pathway. It also confirms that blocking the ADORA2A pathway directly inhibits PD progression.
To determine whether these changes correlated with mitochondrial abnormalities, mitochondrial function was assessed using a Seahorse XF24 analyzer. Genotypic differences in the respiratory state of 9-month-old animals were observed in PINK1 KO rat mitochondria from the striatum but not the cortex. PINK1 KO mitochondria from 9-month-old rats have altered mitochondrial respiratory states and ETC. subunit efficiency as analyzed by the coupling assay (Fig. 7b, d ) and the flux assay (Fig. 8b, d ), respectively. No respiratory state alterations were detected in the 4-month-old PINK1 KO mitochondria regardless of origin (Figs. 7a, c, and 8a, c) . However, similar trends were observed in the 4-month-old PINK1 KO rats. Despite the observed differences in coupling and flux, no changes were observed in RCR (Fig. 7e, f) , suggesting that although the mitochondria are functioning differently, the mitochondria are still functionally intact.
In general, the mitochondria of PINK1 KO rats displayed increased oxygen consumption. These results, while initially confounding, are consistent with the research on mitochondria from PINK1 PD patients. Neuronal cells derived from PD patient fibroblast-derived induced pluripotent stem cells (iPSCs) have mitochondrial properties remarkably similar to the PINK1 KO rat brain mitochondria [40] . In these experiments, iPSC-derived neurons with a Q458X PINK1 mutation had increased oxygen consumption rates.
Additionally, proton leak was increased in the PINK1 KO rats (Fig. 7g, h ). Such a finding is important as it suggests the PINK1 KO rat has increased ROS generation. These findings are consistent with what would be expected in PD patients [4] . Additionally, a previous experiment demonstrated that mitochondria derived from a patient with Q458X PINK1 mutation have increased proton leak [40] . While proton leak may serve as a protective mechanism [71] , the prolonged elevation of proton leak observed in this model likely indicates mitochondrial dysfunction as elevated reactive oxygen species (ROS) have been demonstrated to increase proton leak [72] . Increased proton leak, in turn, would decrease ROS [73] . Regardless, the increased proton leak in the striatum would dissipate the cellular capacity to generate ATP and may explain why neurons responding to dopamine display heightened sensitivity.
Through this work, we have identified possible early stage diagnostic markers, early stage altered pathways, and mitochondrial functional abnormalities. These results are critical because they indicate known late stage PD abnormalities such as elevated proton leak, and depressed taurine levels are present during the asymptomatic PD stages. Using this research, we may be able to target early processes premovement abnormalities for early diagnosis and allow early interventions to halt the progression of PD.
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